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INTEODUCTION 
Resting suspensions  of viable yeast cells can acquire, on incubation with 
the proper substrates, enzymatic activities not possessed previous to the incu- 
bation.  This phenomenon provides an almost unique  opportunity for the 
experimental control of cellular  enzymatic constitution.  An analysis of the 
factors involved in determining the appearance and disappearance  of enzy- 
matic activities thus becomes feasible and pertinent. 
Previous publications (1-3)  have discussed the significance of the available 
data on enzymatic adaptation for the problem  of genic control over enzyme 
formation.  It is evident, however, that before much progress can be made in 
elucidating the genetic mechanism, more information must be obtained on the 
biochemical and physiological details of how cells form, maintain, and destroy 
the enzymes found in the cytoplasm.  With such information available one 
might reasonably hope to arrive at a rational prediction of where in the chain 
of reactions leading to the formation of an active enzyme system, the gene can 
exert its influence. 
An adequate solution to the problem of active enzyme formation must ulti- 
mately answer questions concerning the origin of the protein which constitutes 
the enzyme and the nature of the energy required for the transformation of 
inactive protein into a type which possesses the requisite catalytic activity. 
Both aerobic and anaerobic metabolism can supply (4, 5)  the energy neces- 
sary for the emergence of the enzyme systems involved in the adaptive fermen- 
tation of galactose and maltose by yeast suspensions.  The present paper con- 
cerns  itself  primarily  with  investigations  into  the  relationship  between 
enzymatic adaptation and the nitrogen metabolism of the yeast ceil. 
Ever since the classic investigations of Dienert (6) on galactose adaptation 
in yeast it has been known that it is possible for washed yeast suspended in 
phosphate buffer to adapt to the fermentation of galactose.  Some authors 
have denied that this is possible.  Thus yon Euler and Nilsson  (7)  claimed 
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that adaptation to galactose will not occur in the absence of added "Z" factor. 
A few of the strains examined in this laboratory behave like many bacteria in 
being unable to adapt unless they are suspended in a complete medium.  How- 
ever, with  the  vast majority of the  strains  examined in  this laboratory our 
experience  agrees  with  that  of  Dienert.  Adaptation  can  proceed  without 
requiring any exogenous supplements other than the adapting substrate. 
It is of some interest to note that adaptation of washed suspensions of bac- 
teria has been obtained by Pollock and Knox (8) and more recently by Pollock 
(9) in the case of nitratase in Bacterium coll.  It would appear therefore that 
ability to adapt under these conditions is not a  unique property of the yeasts. 
This capacity of yeast cells to adapt enzymatically in the absence of exo- 
genous nitrogen  raises certain  questions  concerning  the origin of the protein 
involved in the formation of the new enzyme.  Some of the problems posed 
may be phrased in  the following terms:  (1)  Does a  storage of enzymatically 
indifferent protein exist upon which the cell can draw for the formation of a 
new enzyme?  (2)  What happens to existent enzymes when a  cell is induced 
to form a new one?  (3)  Is the course of the adaptation changed by providing 
an exogenous source Of nitrogen? 
An attempt is made in the present paper to answer these and related ques- 
tions for the cases of galactose and maltose adaptation with yeast. 
II 
Materials and Methods 
(a)  Yeast Strains.--The yeast strains employed here are the same as those used in 
previous investigations.  The majority of the experiments were done with two diploid 
strains of S. cerevislae, A1 and Kh  Unless otherwise specified 48 hour cultures were 
used.  These stock cultures are grown at 29°C. and are transferred every 48 hours. 
(b) Media.--The  culture  media was made by adding  the following  to  1 liter of 
water;  2  gin.  of autolyzed  yeast  extract  powder,  5  gin.  of  bacto-peptone,  1 gin. 
(NH4)~SO,, 2 gm. of KH2PO4, 0.25 gin. of MgSO4, 0.13 gin. of CaC12, 7 co. of 50 per 
cent Na lactate, and 60 gin. of dextrose.  After being brought to a  boil, the mixture 
is  cleared  by filtration. 
(c) Manometric  Measurements.--All  measurements  were  done  at  30.2°C.  with 
standard Warburg apparatus.  The anaerobic  CO~ production was determined  by 
replacing the air with nitrogen.  Inaccuracies due to retention of COs were reduced 
by using  ~/15  KH~PO, as  the  suspending  medium.  Unless  otherwise  specified 
the measurement of fermenting capacity with respect to a given substrate was done 
N2  with the latter at 4 per cent.  Enzyme activity was always measured as QCO~ (cubic 
millimeters of CO~ per hour per milligram, anaerobic) in the presence of corresponding 
substrates. 
(d)  Standard Suspenslons.--Suspensions  of the desired density were prepared with 
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milligrams of dry weight of yeast per cubic centimeter of suspension.  In preparing 
suspe~ions for adaptations the yeast cells from a 48 hour culture were centrifuged 
away from the culture medium in 50 cc. tubes.  After allowing the medium to drain 
out, ~/15 KH2P04 was carefully poured down the side so as not to disturb the cells 
packed on the bottom, and.was then poured out and allowed to drain.  This step serves 
to wash the medium from the sides.  This entire procedure was repeated once more. 
The cells were then resuspended in ~¢/15phosphate and adjusted to the desired density. 
(e) Ada~tatitms.--Adaptations, unless  otherwise  specified, were carried out with 
suspensions in ~s/15 KH2P04 in the presence of 4 per cent of the adapting substrate. 
The adapting suspensions were shaken in  flasks immersed  in a bath held at 30°C. 
In those cases in which  adaptations under anaerobic conditions  were desired  they 
were carried out in Warburg flasks in which the air was replaced with nitrogen. 
HI 
EXPER~[ENTAL  RESULTS 
(a)  The Effect of Exogenous Nitrogen on Aerobic and Anaerobic Adaptation 
Cultures adapted to galactose by growth in its presence in a complete med- 
ium  invariably attain  much higher  (ca. twofold)  levels of  enzyme activity 
than those observed in cultures which are adapted by incubation with  sub- 
strate in phosphate buffer.  Whether the presence of exogenous nitrogen is 
responsible for the higher activity in complete medium was tested in various 
ways.  Standard 48 hour cultures grown in glucose medium were dissimilated 
for various periods of time and their ability to adapt aerobically to galactose 
fermentation with and without exogenous nitrogen examined.  Dissimilated 
cultures were employed in order to compare cultures with varying abilities to 
adapt  (5).  In all of these experiments the incubation was carried out in the 
presence of 4  per cent galactose in shaking flasks at 30.2°C.  Samples were 
removed at  intervals and  washed with  chilled ~/15  KH~PO,.  The washed 
cells were resuspended in their original volume and  their ability to ferment" 
galactose anaerobically determined. 
in order to examine the adaptation in the presence of nitrogen uncomplicated 
by extensive cell division the amount of nitrogen (as (NI~)~SO4)  added corre- 
sponded in each case to 50 per cent of the nitrogen content of the yeast sus- 
pension.  This would permit at the most of an increase in cell number of 50 
per cent.  Actually, under these conditions, little if any budding is seen and 
the increase in density of the suspension in the period allowed for the experi- 
ment rarely exceeds 5 per cent. 
Some  typical results  obtained with  dissimilated cultures  of  strain  K  are 
given in Fig.1.  As is seen from curve (A) this culture was dissimilated long 
enough so that it showed no evidence of adaptation after more than 7 hours' 
incubation with galactose.  The same suspensions, however, (Fig. 1, curve (B)) 
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nitrogen.  Curves (C) and (D) compare the effect of nitrogen on the adapta- 
bility of a  moderately dissimilated culture.  As may be seen from curve (B), 
the addition of nitrogen greatly accelerates the adaptive process and also per- 
mits the attainment of much higher levels of maximal activity. 
The question of whether nitrogen has a  similar effect on adaptation under 
anaerobic conditions was also examined.  It has been shown previously (4) 
that enzyme adaptation will occur anaerobically providing the culture is pre- 
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FIG. 1.  The effect of added (NH02SO4 on aerobic adaptation to galactose.  (-4) 
Control dissimilated culture; (B) dissimilated culture plus added nitrogen; (C) control 
partially dissimilated; (D) partially dissimilated plus added nitrogen. 
incubated with substrate aerobically until an amount of enzyme is formed which 
will permit adequate anaerobic utilization of the adapting substrate.  This 
provides the necessary energy for the completion of the adaptive process. 
The results of experiments examining the effect of added nitrogen on  this 
type of anaerobic adaptation are given in Fig. 2.  The aerobic preincubation 
period was varied to permit a  comparison of the magnitudes of the effects on 
cultures which were allowed to reach different levels of enzymatic activity. 
Curves (-4) and (B) experienced no previous aerobic incubation.  Under such 
circumstances no anaerobic adaptation is observed in the control (curve (,4)) 
and the presence of exogenous nitrogen has no observable  influence.  When 
however the enzymatic activity is built up to 14 by aerobic preincubation sub- 
sequent anaerobic contact with substrate leads to further increase of enzyme 
activity as is seen from curve (C).  Furthermore, the effect of added nitrogen 
begins to make itself apparent by a  small but definite increase in rate of for- 
mation (curve (D), Fig. 2).  The difference between anaerobic adaptation with S. SPIEGELMA~  AND E. DUNN  157 
and without exogenous nitrogen is greatly magnified if more enzyme activity 
is induced before instituting  anaerobiosis.  This  is clearly demonstrated  by 
curves (E) and (F) of Fig. 2. 
These experiments would seem to indicate  quite definitely that  the mere 
presence of the ammonium salt is not per se sufficient  to accelerate the adap- 
tive process.  The concomitant existence of an active metabolism seems to be 
required for the exogenous nitrogen to exert its influence.  Other experiments 
confirm  this  finding.  Previous experiments  (Sy have  demonstrated  that  in 
addition to the procedure described above, another method may be used to 
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F16.  2. The effect of  added  (NH4)~SO4 on  anaerobic adaptation  to  galactose. 
(B), (D), and (F) have nitrogen added; (A), (C), and (E) are the corresponding  con- 
trols without nitrogen.  The initial values of the three groups were attained by pre- 
vious aerobic incubation before the beginning of the experiment. 
obtain adaptation to either galactose or maltose under anaerobic conditions. 
This latter method employs the relatively simple device of supplying a small 
amount  of some fermentable  substrate  (e.g.,  glucose,  fructose,  or mannose) 
with the adapting substrate. 
The fermentation  of the added zymohexose furnishes the requisite energy 
for the adaptation  to proceed anaerobically.  The general result obtained is 
given by curve (/3) of Fig. 3.  Here 4 rag. of glucose were added simultaneously 
with the galactose.  The vertical line indicates the point at which the amount 
of CCh released is equivalent to the amount of glucose added.  Any CO2 evolved 
in excess of this must therefore arise from the fermentation of the adaptive 
substrate, galactose.  It is apparent  that under the combined influence of the 
metabolized glucose and  the  adapting  substrate,  some  adaptive  enzyme  is 
formed and subsequently increases on further incubation.  Curve (A) records 
the progress of the same type of experiment except that exogenous nitrogen 
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tose mixture.  It is clear that more enzyme is formed during the early period 
since (A) does not fall as low as (B)and furthermore, the subsequent appear- 
ance of,  enzyme is more rapid.  Curve (C) of Fig. 3 illustrates what occurs when 
the glucose is added first and the ammonium sulfate and galactose introduced 
after all CCh evolution from the added  glucose has ceased.  Again it is clear 
that the exogenous nitrogen must be present during active metabolism in order 
to produce an effect on the adaptive process.  This same experiment further 
exemplifies the principle previously found (5), that the adapting suhstrate must 
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FIG. 3.  The effect of exogenous nitrogen on anaerobic adaptation to galactose  in 
the presence  of a  fermentable substrate.  (B) is  the nitrogen-free control of (A). 
(C) is a control with nitrogen in which the adapting substrate, galactose, was added 
after all the added glucose was fermented.  The arrow indicates  the point at which 
the galactose was added. 
also be present during the period of active metabolism if the energy generated 
is to be directed towards adaptation. 
The experiments reported here leave little doubt that an exogenous source of 
nitrogen can stimulate the formation of adaptive enzymes whether the adapta- 
tion is occurring aerobically or anaerobically.  It is equally evident that such 
stimulation  is found only when the  cell is  actively metabolizing.  It  seems 
likely that this latter fact is connected with the inability of non-metabolizing 
ceils to assimilate nitrogen.  Further evidence on this will be given in a  sub- 
sequent paper which will present data on inhibition of enzyme formation. 
The data reported in the present section deal only with adaptation to gal- 
actose in a single strain.  Similar results have been obtained with other strains 
and with adaptation to maltose fermentation.  While quantitative differences 
were observed when other strains were used or when other enzyme systems 
were studied, no fundamental variation from the findings reported above was 
noted. S.  SPIEGELMAN  AND  R.  DUNN  159 
(b  )  Interac, t4an between Adaptive Emymes 
In order to obtain some information on the interaction of the cellular enzymes 
during the adaptive process an examination was made of the influence of one 
adaptive enzyme on the formation of another.  Experiments were performed 
which compared adaptability to a given substrate subsequent to being adapted 
to another one.  In practice, these experiments were carried out by adapting 
cells to galactose and then adapting to maltose and ~ice ~ersa.  The behavior of 
TABLE I 
Interaaion be.~ween  Adaptive Enzymes in Phospkate Buffer 
The numbers represent O~ with  substrate  corresponding to enzyme being indueecr 
attained after 3 hours of incubation. 
A 
K 
Strain  Exl~.  enl 
-7 
K 
3 
Enzyme being induced 
Galactozynmse 
~C 
Maltozymase 
Adaptation with culture adapted to 
(t)  (2) 
, Glucose  OalactoSe 
40 
42 
39 
34 
30 
27 
159  61 
165  53 
160  58 
184  87 
193  91 
186  74 
~CY  C{ 
of (J 
38 
32 
36 
47 
47 
40 
Per cent 
of (l) 
95 
98 
100 
59 
67 
59 
m 
unadapted  (glucose-grown) controls was  used for  comparison.  All of these 
experiments were carried out in ~/15 KI-I~PO4 in the absence of any exogenous 
nitrogen.  The results  of such  experiments on two strains  are presented i~ 
Table I.  Column  (1) records the enzyme activities attained by suspensions 
which have not been previously adapted to either maltose or galactose.  Com- 
parison of columns (1) and (3) shows that when galactozymase is being induced 
in strain K it is immaterial whether the culture has been previously adapted to 
maltose or not; the same galactozymase activities are arrived at in 3 hours in 
either case.  However, with strain A, a suspension which has already formed 
maltozymase finds it more difficult to adapt  to galactose.  As may be seen 
from the last column of Table I, only about 63 per cent of the control galac- 160  INTERACTIONS  BETWEEN  ENZYME-FORMING SYSTEMS 
tozymase activity is reached by cells of strain A previously adapted to maltose. 
In the reverse experiments, galactozymase was induced first and subsequent 
adaptability of maltose was examined.  In these we see  that for both strains 
a drastic decrease in the attained maltozymase activity results from a previous 
adaptation to galactose. 
From these results it is evident that the initial enzymatic constitution can 
influence the cell's ability to form other enzymes.  The interaction is obviously 
not equivalent in both directions.  Galactozymase apparently has a  greater 
influence on maltozymase formation than ~/ce versa.  It is impossible to say at 
what level the interaction is occurring.  But, that it involves nitrogen meta- 
bolism is clear from the experiments recorded in Table II.  In these experi- 
TABLE II 
Interaction between Adaptive Enzymes in the Presence of Exogenous NitrOge~ 
The numbers represent QJ~ with substrate corresponding to enzyme being induced. 
Strain A 
Adaptation with culture adapted to 
Enzyme being induced 
(I)  (2)  Per cent  (3}  Per cent 
Glucose  Galactose  of (I)  M4ltose  of (I) 
Galactozymase 
Maltozymasc 
82 
91 
283 
294 
244 
237 
86 
83 
81 
92 
m 
99 
101 
ments exogenous nitrogen was present during the adaptation to  the second 
substrate.  The presence of exogenous nitrogen completely'abolishes the inter- 
action when galactozymase is forming in  the presence of maltozymase.  The 
reverse interaction is also greatly diminished in intensity.  With exogenous 
nitrogen about 85  per  cent of control maltozymase activity is reached in a 
galactose-adapted cell as compared with the 45 per cent observed (Table .I) in 
the absence of the exogenous nitrogen. 
The severity of the effect of adaptation to galactose on the maltozymase con- 
tent of a cell can best be seen by following the maltose-fermenting system during 
the adaptation to galactose.  For this purpose, fully adapted maltose cultures, 
washed and suspended in phosphate buffer, were incubated aerobically with 
galactose and samples withdrawn at intervals for galactozymase and maltozy- 
mase activity determinations.  To determine whether exogenous nitrogen had 
any effect on the interaction a similar suspension was prepared containing in 
addition to the galactose a source of nitrogen ((NI-h)2SO4) equivalent in amount 
to 50 per cent of nitrogen content of the ceils present.  Table III records the S.  SPIEGELMAN  AND  1~.  DUNN  16I 
results of such experiments.  Within 1.5 hours a  culture adapting to galac- 
tose loses 80 per cent of its maltozymase activity and at the end of 3 hours only 
3 per cent of the original activity remains.  The presence of exogenous nitro- 
gen affords some protection to the maltose-fermenting enzyme system but does, 
not prevent the drop. 
All the  experiments  thus far  described  deal with  enzymatic interactions, 
when only one of the adapting substrates was present at a  time.  It was of 
some interest to examine what happened to the nature of the interaction if 
instead of performing the adaptations serially, simultaneous adaptations to, 
the two substrates were made. 
In these experiments suspensions in M/15 KH2PO~ were incubated aerobically 
in  a  mixture  of  equimolar  (0.17)  concentrations of  galactose  and  maltose. 
TABLE III 
T~ E~ect of Adaptation to Galactose o~ tke Maltosymase ActiviJy of a Maltose-Adapted  Culture 
The numbers  represent Qc~ values  with substrates corresponding to enzymes  being tested. 
Without exogenous nitrogen  With exogenous nitrogen 
Time 
Maltozymase  Galactozymase  Msltozymase  Galactozymase 
~r$. 
0  350  0  350  0 
1.5  69  12  82  21 
3.0  12  41  31  79 
Samples  were  removed  at  intervals  and  galactozymase "and  maltozymase 
determinations made on them.  Control adaptations with portions of the same 
suspension were run in parallel with each substrate separately at the same con- 
centration as obtained in the mixture.  Fig. 4 gives the results of such an ex- 
periment.  Curves  (B)  and  (D)  represent  the control suspensions in which 
adaptation was occurring in the presence of only one of the two substrates. 
Curve (B) is the galactose adaptation and (D) the maltose adaptation.  Curve 
(A)  records the increasing galactozymase content of the experimental flask 
in which the cells were in contact with both substrates.  Curve (C) of the same 
figure gives the results obtained when the maltozymase activity was measured 
in this same suspension.  From a comparison of curves (A) and (B) the pres- 
ence of maltose has little if any effect on the progress of the adaptation to galac- 
tose.  However, the presence of galactose has a  severely inhibitory effect on 
the formation of maltozymase as may be seen from a comparison of curves (C) 
and (D).  While some maltozymase can form in the galactose-maltose in the 
early part of the curve, the level observed is far lower than that attained in the 
control suspension (D) which is adapting only to maltose.  Further, the pro- 
gressive increase in galactozymase content is paralleled by a sharp drop in the 162  INTERACTIONS  BETWEEN  ENZYmE-FORMING  SYSTEMS 
maltozymase attained  before  the  appearance  of  very  much  galactozymase 
activity. 
The ability of maltozymase to appear in the early phases of the simultaneous 
adaptation is probably connected with the relatively great difference in speed 
of adaptation with respect to the two substrates.  A comparison of curves (B) 
and (D) shows that maltose adaptation has a much shorter lag period and much 
higher formation rate than adaptation to galactose.  However, once the galac- 
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FIG. 4. Simultaneous adaptation to galactose and maltose.  (B) is the curve ob- 
tained of galactozymase activity when the suspension is incubated in the presence of 
galactose  only.  (D)  is the corresponding control  curve for maltozymase activity. 
(A) and (C) are curves of galactozymase and maltozymase activities respectively when 
both are being induced simultaneously. 
tose-fermenting capacity  begins  to  make  its  appearance  it  can  apparently 
drive the maltose-fermenting system out of existence.  This latter finding was 
already apparent in the data reported in Table III.  It is clear from curve (C) 
of Fig. 4 that while the presence of maltose does not prevent this effect of the 
galactozymase on the maltozymase it does slow the process of disappearance 
down.  Thus, in the presence of maltose, galactose adaptation led to a fall from 
90 to 43 in 90 minutes;/, e., a drop of 52 per cent.  In the absence of maltose, 
in a  comparable period under similar conditions the maltozymase experienced 
an 83 per cent decrease. 
The effect of exogenous nitrogen on this type of simultaneous adaptation 
was also examined.  The experiments were identical except that nitrogen was 
provided in the form of (NH~)2S04 in amount equivalent to 50 per cent of the S.  SPLEGELMAN  AND  R.  DUNN  163 
nitrogen content of the yeast.  The results are recorded in Fig. 5.  Curve (C) 
represents the galactozymase activity in  the experimental  suspension which 
was in contact with both substrates.  The control for galactose adaptation is 
not reproduced since it  does not differ significantly  from the  experimental. 
This is not surprising in view of the findings in the absence of exogenous nitro- 
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FIG. 5, S~ultaneous adaptation to gaIactose  and maltose in the presence of exo- 
genous nitrogen.  (A) and (C) are control curves of maltozymase and gaJactozymase 
respectively when each is induced separately.  Curve (B) is the maltozymase activity 
attained in a cell in which galactozymase is simultaneously being induced. 
gen.  Curve (A) of Fig. 5 is the control curve for maltose adaptation in the 
presence of maltose only with added nitrogen.  Curve (B) represents the malto- 
zymase measurements on the experimental culture.  Comparing curve (B) of 
Fig. 5 with curve (C)  of Fig. 4 we see that the availability of an exogenous 
source of nitrogen has several striking effects.  It raises considerably the at- 
tainable level of maltozymase in a culture which is simultaneously adapting to 
galactose.  It also prevents considerably, although not completely, the destruc- 
tion of the maltose-fermenting system which usuaUy attends the appearance of 164  INTERACTIONS  BETWEEN  ENZYME-FORMING  SYSTEMS 
active galactose-fermenting capacity in the same cell.  It is also worthy of note 
that the presence of both exogenous nitrogen and substrate greatly augments 
the  capacities of each  to protect  the  maltozymase system during galactose 
adaptation.  As is seen from Table III nitrogen alone has only small protective 
action whereas substrate alone, as was noted above, confers protection to the 
extent that only a 52 per cent loss is observed in a 90 minute perio  d.  We note, 
however, from curve (B) of Fig. 5 that when both are present together even 
high galactozymase activities result in only a 7 to 8 per cent decrease in malto- 
zymase activity in 90 minutes. 
TABLE  IV 
A  Comparison of Fermentation Rates with Glucose, Galactose, and Maltose among Cultures 
Grown in the Presence of These Sugars 
Each figure is the average of determinations on five different cultures, each of which was 
measured in duplicate.  Average deviations from the mean are indicated. 
Cultures grown in: 
Glucose 
Galactose 
Maltose 
With glucose 
With glucose 
With galactose 
With glucose 
With maltose 
K 
351  4- 8.5 
321  4- 9.1 
298  4- 18.2 
350  4- 7.5 
343  4- 14.7 
Strain 
249  4-6.3 
232  4- 7.4 
224  4- 12.1 
253  4- 8.3 
256 4- 12.1 
(c) Interactions between Adaptive and Constitutive Ennyme Systems 
The question arises whether the interaction effects observed between adaptive 
enzymes may not be peculiar to them as a  class.  It was therefore of some 
interest to see whether similar phenomenon did not exist involving some "con- 
stitutive" enzyme.  The constitutive enzyme system chosen for examination 
was the glucozymase complex..  In part the reasons'for this choice can be seen 
in Table IV which records a comparison of the fermentation rates of glucose, 
galactose, and maltose amongst cultures grown in the presence of these sugars. 
It is seen that the activity of the glucozymase system is relatively unaffected 
by the particular carbohydrate used as the main source of carbon for the growth. 
It thus appears to satisfy the definition of a  constitutive system.  There are 
several  other points of interest in  this table.  The Qe~o2 values of a  maltose- 
grown culture are the same whether glucose or maltose is being fermented and 
these values do not  differ from that  of a  glucose-grown culture fermenting 
glucose.  On the other hand, there is a significant though small (ca. 6 per cent) 
depression in the glucose-fermenting capacity as a result of growth in galactose. S.  SPI~EGELMAN  AND  R.  DUNN  165 
It seemed not unlikely that  this small effect of galactose adaptation  on the 
glucozymase system could be magnified  by carrying out the adaptation in the 
absence of exogneous nitrogen.  Fig. 6 which examines glucozymase (B) and 
galactozymase  (C)  simultaneously in  a  suspension adapting  to  galactose in 
phosphate buffer confirms the supposition.  Curve (A) is a non-adapting con- 
trol testing the stability of glucozymase under the conditions of the experiment. 
The ability of exogenous nitrogen to abolish this effect is shown in Fig. 7.  In 
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Fie. 6. The  effect of adaptation  to galactose on glucozymase activity.  (A)  is 
glucozymase activity of a non-adapting control; (B) is glycozymase activity of culture 
adapting  to galactose.  (C) describes the increasing galactozymase activity during 
the adaptation. 
this experiment the same strain  and  experimental condition were employed 
except that exogenous nitrogen was available.  It will be noted that no signifi- 
cant drop in the glucozymase system was observed during the period of the 
experiment.  Apparently the 6 per Cent decrease noted in Table IV requires 
relatively extended contact with  galactose. 
Though not as marked, these experiments would indicate that interactions 
between adaptive and constitutive enzymes do exist and can under the proper 
circumstances be exhibited.  That not every enzymatic adaptation involving 
carbohydrate metabolism leads to loss in glucozymase was made clearly evident 
by experiments with maltose adaptation.  Here a strain (K) was deliberately 
chosen with a high Q~o2 on glucose which exit.  ibited some instability on removal 
of the glucose.  This strain usually lost about 9 per cent of its activity when 
shaken in phosphate buffer in the absence of glucose.  Fig. 8 describes an ex- ~o! 
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FIG.  7.  The effect of exogenous  nitrogen  on interaction  between galscto~tmase 
formation and  glucozymase activity.  (A)  describes  the  increasing galactozymase 
activity;  (B)  describes  the  corresponding  glucozymase  activity. 
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Fzo. 8.  The absence of effect of adaptation to maltose on glucozymase activity. 
(A) represents maltozymase activity; (B)  the  corresponding glucozymase values of 
the adapting culture; and (C) the glucozymase values of a control non-adapting cul- 
ture. 
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periment in which strain K was adapted to maltose in the absence of exogenous 
nitrogen.  Simultaneous maltozymase (A) and glucozymase (B) measurements 
were made.  It is seen that adaptation to relatively high activity levels has 
no demonstrable effect on the course of events with the glucozymase system. 
The curve with the experimental culture  (B)  is  indistinguishable  from the 
control (C). 
There exists  no obvious relation  between the severity  of interaction  and the 
amount of enzyme formed whether the interaction  is between two adaptive 
enzymes or between an adaptive and a constitutive  enzyme.  This may be 
clearly  seen in  Table V which records  increments in galactozymase for  various 
intervals  in the adaptation and the corresponding decrements experienced by 
the glucozymase system.  During the first  period an increase  of 2.1 in galacto- 
TABLE  V 
Comparison of Increments of Galacto~ymase Activity  with Increments in Glucozymase Acticity 
during Corresponding Intervals of Time during Adaptation to Galactose 
Time interval  Galactozymase  Glucozymase 
m/a. 
0-60 
60-120 
120-180 
180-240 
240-360 
2.1 
10.9 
32 
58 
59 
N"  2  qco2 
45 
20 
5 
5 
o 
zymase is paralleled by a 45 unit decrease in glucozymase.  On the other hand 
during the interval in which the galactozymase has increased 59 units, no cor- 
responding  decrease is observed for the glucozymase system.  Similar results 
are obtained if analogous  calculations are made for two interacting adaptive 
enzymes. 
IV 
DISCUSSION 
(a) Relation of Adaptation to Nitrogen Metabolism 
The experiments  reported here establish  a connection between the adaptive 
process  and the nitrogen metabolism of the cell.  The ability of exogenous 
nitrogen markedly to stimulate the adaptation both in the rate of appearance 
and in the final amount of enzyme activity, would indicate that the adaptive 
process involves the formation of a nitrogenous compound. 
It is of some interest to note that analogous findings have been reported for 
the glucozymase  system in yeast by Winzler,  Burk,  and du Vigneaud  (10). 168  INTERACTIONS  BETWEEN  ENZYME-].~ORMING  SYSTEMS 
These authors showed that biotin-deficient yeast had a low fermentation rate 
which could be greatly increased by the addition of both biotin and a source 
of exogenous nitrogen.  Neither component when added alone was effective 
in raising the level of the fermentation rate.  It was found that biotin-deficient 
yeast could not assimilate the added nitrogen unless some biotin was supplied. 
From these results it is clear that the mere presence of nitrogen per se in the 
medium is not sufficient.  Assimilation is essential if the added nitrogen is to 
result in a  stimulation of the fermentative process.  This is in strict analogy 
with the experiments reported here, in which the addition of exogenous N  had 
no effect on the rate or extent of adaptation unless active metabolism was oc- 
curring.  Without the latter no assimilation of the nitrogen compound could 
occur.  Winzler and his colleagues arrived at a conclusion similar to that offered 
above; i. e., that the availability of an exogenous nitrogen source permitted the 
synthesis of a  nitrogenous component necessary for fermentation. 
The fact that a  competitive interaction does exist between the enzymatic 
systems of a cell and the further fact that exogenous nitrogen can either abolish 
this interaction or modify its intensity constitutes strong evidence that  the 
nitrogenous compound being formed during enzymatic adaptation is of protein 
nature.  It further suggests  that it is nitrogen which  is being competed for 
when the enzymes within the cell interact during the formation of a new one. 
Independent evidence that a transformation of protein is involved was provided 
in studies (11) on the nature of adaptation to galactose fermentation.  Separa- 
tion  of  the  galactozymase  system  into  its  apoenzymatic  and  coenzymatic 
components provided an opportunity for determining which had undergone a 
change in specificity as a result of the adaptation.  The data showed unequivo- 
cally that it was the apoenzymatic or protein moiety which had been trans- 
formed.  In view of these results it is not surprising to find competitive inter- 
actions  between  enzymes  being  formed  in  the same cell and that  these 
interactions can be modified by providing a source of exogenous nitrogen. 
It is at present impossible to say at what level the actual competitive inter- 
action exists.  That the nature of the interrelations between the enzymes of a 
cell is  complex is apparent from the results  obtained.  It has already been 
emphasized that the amount of existent enzyme activity which disappears in a 
given interval bears  no  simple  quantitative  relation  to  the  amount  of new 
enzyme which is formed during the same interval of time.  This fact would 
certainly rule  out  any hypothesis which  assumes  simple  conversion o'f one 
enzyme molecule into another.  It is not entirely unexpected to find that such 
is not the case.  A simple one-to-one relation of this kind between the disap- 
pearance of one enzyme and the reappearance of another would only obtain 
under conditions where, e. g. two enzymes had the same prosthetic group which 
was being transferred from one to the other, or the same protein whose specifi- 
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pected would be one in which  the formation of a  particular enzyme would 
involve interactions with a  whole series of enzymes the component parts  of 
which are utilizable in its construction.  Presumably certain enzymes would 
be preferentially used and, as these fall below certain critical values, others 
would be drawn upon to supply the material required for the formation of the 
enzyme being  induced.  When  sufficient information becomes  available,  it 
should be possible to provide an ordered classification of the enzymes within a 
cell, based on the presence or absence and the extent of their interaction.  This 
could well provide a  type of enzyme classification of greater biological signifi- 
cance than that based on substrate specificity alone. 
The severity of the interaction between two given enzyme systems would 
depend not only upon the similarity of their constitutions but also on the com- 
parative ability of the systems which form them to compete with each other for 
material.  Like any other physiological character, the synthesizing and com- 
petitive ability of a particular enzyme-forming system might well be expected 
to vary from one strain to another.  It is therefore not surprising to find, as 
we do here in Table I, that in one strain of yeast (e. g., A) the presence of an 
active  maltozymase system inhibits  somewhat  the  activity of  the  galacto- 
zymase-forming system, whereas in another strain (e. g., K) no such effect is 
seen. 
The  extensive work  of Monod  (17)  on the factors controlling enzymatic 
constitution in bacteria shows clearly that the same situation obtains in these 
organisms.  This  author  was  able  to  exhibit  the  successive  appearance  of 
enzymes in the cells of a  culture exposed to two or more carbohydrates.  A 
new enzyme system appears  when the first substrate  attacked becomes ex- 
hausted.  The lag period between the exhaustion of the first substrate and the 
appearance of enzyme activity against the second is the basis for his "diauxie" 
phenomenon.  From Monod's investigations it  is  evident  that  the  type of 
enzyme interaction observed here in yeast is much more pronounced in the 
bacteria.  Even with exogenous nitrogen present it amounts almost to a mutual 
exclusion effect.  This is undoubtedly connected with the fact previously noted, 
that bacteria, with few exceptions, "cannot adapt in the absence of exogenous 
nitrogen. 
(b)  "Adaptive" versus "Constitutive" Enzymes 
It was of no little theoretical importance  to find that  interaction effects 
could  also  be  observed  with  one  of  the  so  called  "constitutive" enzymes. 
KarstrSm (15)  designated as "adaptive" those enzymes which are produced 
as a  specific response to the presence of the homologous substrate.  Such en- 
zymes were differentiated from the "constitutive" ones which are always formed 
by the cells of a  given species regardless of the presence or absence of their 
homologous substrates.  It has already been pointed out  (1,  2,  16)  that it 170  INTERACTIONS  BETWEEN  ENZYME-FORMING  SYSTEMS 
seems doubtful whether classification into "adaptive" and "constitutive" en- 
zymes is particularly useful or valid, implying as it does some sort of qualitative 
difference in origin and function between the two.  Accumulation of data on 
enzymatic variation in microorganisms puts an ever increasing strain on the 
applicability of this kind of classification.  Enzymes which have been labeled 
constitutive have been found to undergo wide fluctuations in the presence and 
absence of their substrate.  Thus, the invertase content of Bact.  coli rises to 
452  (12) in the presence of sucrose and falls to values lying between 12.4 and 
39 in its absence.  Again, the Q-glucose values of B.  coli are about 1,000 for 
organisms grown in the presence of glucose and about 190 for those grown in 
lactate medium (13).  To these instances must now be added the findings re- 
ported in the present paper, in which it is shown that the so called constitutive 
enzymes can respond to changes in enzymatic constitution in much the same 
manner  as  the  adaptive  enzymes,  although  quantitative  differences in  the 
extent of the response certainly exist. 
In connection with the general problem of classifying enzymes on the basis 
of their response to the presence or absence of their homologous substrates, 
there are certain important considerations which must be borne in mind.  When 
we say that a  given enzyme system, e. g. galactozymase, is purely "adaptive" 
we mean operationally that no galactozymase is found in the cell unless galac- 
tose is put into the medium.  This is to be compared with the situation in the 
case of glucozymase, in which the addition of glucose as such to the medium is 
not necessary for the appearance  of glucozymase activity of the cell.  It  is 
clear, however, that this distinction may lose much of its meaning if the cell 
can  manufacture  glucose  from  the  non-glucose  compounds  that  we  add. 
Actually, all the biochemical evidence (14) indicates that this is precisely the 
condition that obtains in the case of galactose fermentation.  Polysaccharides 
of glucose and intermediates of glucose metabolism have been found in cells 
which  have  been  metabolizing  galactose.  Thus, even if glucozymase were 
a  completely "adaptive" system, it would not be expected to disappear when 
the  cell  is  metabolizing  galactose,  since  the  substrate  of  the  glucoz)l"nase 
is always  present.  To  conclude that  glucozymase is  constitutive (i.  e.,  its 
formation is independent  of  the  presence or absence  of substrate)  because 
it is found when cells are metabolizing galactose, maltose, or some other carbo- 
hydrate would be misleading. 
In general, whether an enzyme is classified as adaptive or constitutive may 
have  little  to  do with  any inherent  properties of  the  enzyme  itself.  The 
critical factor may well be whether or not the cell can synthesize the homologous 
substrate.  From this point of view it would be far more meaningful to classify 
substrates as constitutive or non-constitutive according as they are or are not 
synthesized by the cell.  In operational terms, a  particular enzyme could be 
classified as adaptive only if the experimenter is in a  position to control the S.  SPIEGELMAN  AND  R.  DUNN  171 
presence or absence of the homologous substrate in his system.  This obviously 
can be done only under one of two conditions.  Either one must deal with 
substrates which  the cell cannot synthesize (e. g., galactose)  or one must be 
able differentially  to prevent the appearance of some substrate normally  formed 
by theceU.  The first of these two has been the one thus far employed in the 
study of adaptive enzymes.  It is no mere accident that these studies have for 
the most part concerned themselves with enzymes not involved in catalyzing a 
step in the middle of a cyclic process.  Enzymes so employed have their sub- 
strates made for them by the preceding  step in the cycle.  However,  with 
enzymes like maltozymase o  r galactozymase,  which introduce their substrates 
• into a  cyclic process,  precise  experimental control of concentration levels is 
possible. 
(c) General Implications and Conclusions 
The above analysis and the experimental facts presented lead to the con- 
clusion that enzymatic adaptations are but quantitatively  exaggerated instances 
of a more general phenomenon resulting from the effects of substrates on the 
synthesis and maintenance of their corresponding  enzymes.  The magnifica- 
tion in those cases which are classified as adaptive may well arise from the fact 
that in these instances one is dealing with substrates normally not found lathe 
environment of the cell and which the cells are incapable of producing. 
This viewpoint clearly does not deny the possibility of a  classification  of 
enzymes on the basis of stability.  It does, however, raise certain fundamental 
questions on what is meant by stability.  In addition to the problem of sub- 
strate still another aspect is pointedly emphasized  by the experiments on en- 
zymatic interactions.  In view of the existence of such competitive  interactions 
it is no longer a priori obvious that one is discussing the chemical stability of the 
enzyme molecule involved when a statement is made that a particular enzymatic 
activity disappears  on removal of substrate.  Enzymatic stability in the cell 
and its dependence  on substrate can well be determined primarily by com- 
petitive interrelations between the protein-modifying systems which form the 
enzymes.  The inherent, chemical stability of the enzyme as an organic molecule 
may have little to do with the question.  The latter characteristic can ade- 
quately be studied only when the enzyme has been isolated in relatively pure 
form. 
We may make the problem more concrete by posing it in terms of a specific 
instance.  The removal of galactose  from the medium usually results in the 
disappearance of the galactozymase  system.  There are at least two alternative 
hypotheses which may be offered to explain this phenomenon. 
1. The enzymatic component formed in response to the adition of galactose 
is  a  highly unstable protein molecule  when uncombined with its substrate. 
2. The protein molecule is stable but the enzyme-forming  system involved 172  INTERACTIONS  BETWEEN  ENZYME-I~ORMING  SYSTEMS 
in its formation is a  poor competitor for protein material in the absence of 
substrate.  This results in the loss of the protein to other synthesizing systems. 
The difference between  these two hypotheses can most clearly be seen in 
terms of predator-prey relations encountered in the ecology of higher organisms. 
The prey may be a perfectly stable biological unit so long as it is not forced to 
coexist and compete in the same biological space as the predator. 
It must be emphasized that  these are not mutually exclusive alternatives 
since both mechanisms can and probably do function simultaneously in deter- 
mining  cellular enzymatic constitution.  Experiments analyzing the relative 
importance of each are described in a subsequent paper (18). 
The picture of the nature of enzymatic interplay under various conditions 
which emerges from the  available  data provides at least partial  answers  to 
some of the questions in the introductory paragraphs.  The actual enzymatic 
constitution would appear to be in a state of continual flux.  It can vary both 
by the loss of existent enzymes and the gain of new ones.  There would appear 
to be little if any indifferent non-enzymatic storage protein in the cell which 
can be drawn upon for the formation of new enzymes.  In the absence of an 
exogenous source of nitrogen, the formation of a  new enzyme occurs at  the 
expense of some of the existent enzymes.  However, when an exogenous source 
of nitrogen is supplied this appears to be preferentially employed. 
SUMMARY 
Experiments on enzymatic adaptations  in yeast to galactose and maltose 
under various conditions are examined.  The pertinent facts established may 
be summarized as follows:-- 
1.  The presence of exogenous nitrogen stimulates the rate of adaptation and 
raises considerably the attainable level of enzyme activity. 
2.  This stimulation is absent if the cells are unable to assimilate the added 
nitrogen. 
3.  Competitive interactions can be exhibited between two adaptive enzyme 
systems induced either serially or simultaneously in the same cell. 
4.  A  similar kind of interaction was observed between an adaptive and a 
so called "constitutive" enzyme. 
5.  The presence of exogenous nitrogen modifies greatly the nature and extent 
of the interaction between the enzyme-forming systems. 
The significance of these results to our understanding of the mechanism of 
the modification and  maintenance  of cellular enzymatic constitution is  dis- 
cussed.  The validity of the distinction between "constitutive" and "adaptive" 
enzymes is reexamined in the light of the data presented. S.  SPIEGELMAN AND R.  DUI~N  173 
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